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C^AMICS FOR TEE AUltafOTZVE GAS HmSISE ^INE - A AT A SI^LE SHAFT DESI^ 


By Stanley M. Nosek 
HASA-Leirls Beaearch Center 


ABSTRACT 

Tbe results of a prelisinary analysis of a single shaft regenerative design with a 
singla stage radial turbliM are pres^t^ to sIkw the fuel econi»y that can be achie^rad at 
faig^ turbii» inlet te^eratureSt with this particular advanced design, if the turbine tip 
s^^ and regenerator inlet tesperature are iu)t lifted. Results are also presented to 
slum tite effect of in|ioslng such llaitations. The eigii» size vas 100 hp (74.6 kW) for 
applicat^Hx to a 3500 lb (ISdS kg) auto. The ft»l econooy was analyzed by coupling the 
^igine to the «wto through a continiwusly variable speed-ratio transtnlssion and operating 
the systea at constant turbine inlet teoperature over the Con?>oslte Driving Cycle. The 
fuel vas gasoline and the analysis was for a 85^ F (29° C) day. With a turbine inlet tear 
perature if 2500° F (1644 E) the fuel econoz^^ was 26.2 lapg (11.1 km/l), an improveraent of 
18 percert over that of 22.3 opg (9.5 ks/1) with a turbine inlet temperature of 1900° F 
(1311 K). The turbine tip speed needed for best economy with the 2500° F (1644 K) engine 
was 253 J ft/sec (770 m/s). The regenerator temperature was approximately 2200° F (1478 K) 
at idle. Disk stresses were estimated for one single stage radial turbine and two two- 
stage radial-axial turbines and compared with maximum allowable stress curves estimated for 
a current ceramic material. Results show a need for higher Ueibull Modulus, higher strength 
ceraailcs. 


SOMIARY 

This paper presents, first, the results of a preliminary analysis of the fuel economy 
l^rovement that can be achieved with a high temperature advanced automotive gas turbine 
engine. In this analysis, two probloa areas were identified: high turbine tip speeds and 

high regenerator inlet temperatures. The particular engine analyzed was a fixed geometry 
single shafts regenerative design with a single stage radial compressor and a single stage 
radial turbiiie. The engine size was 100 hp (74.6 kW) for application to a 3500 lb (1588 kg) 
auto. The fuel economy was analyzed by coupling the engine to the auto through a contin- 
uously variable speed-ratio transmission and operating the system over the Composite Driving 
Cycle. The fuel was gasoline and the analysis was for an 85° F (29° C) day. The analysis 
was performed first without any limitations on the turbine tip speed or the regenerator 
temperature, then with limitations to determine their effect on the fuel economy. 

The results showed that without the limitations, raising the desi^ turbine inlet tem- 
petature from 1900° F (1311 K) to 2500° F (1644 K) Improved the fuel economy 18 percent, 
from 22.3 mpg (9.5 km/1) to 26.2 mpg (11.1 km/1). The turbine tip speed needed for best 
economy with the 2500° F (1644 K) engine was 2530 ft/sec (770 m/s) compared with 2240 ft/sec 
(683 m/s) for best economy with the 1900° F (1311 K) engine. The maximum regenerator tem- 
perature was approximately 2200° F (1478 K) at idle. 
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tte turbtiM tip sp«*d to 16(K} ft/sM C486 nfm) by reducing the dimeter in 
both tlM 25(K^ F (1644 K) and F <1311 lO et^me redeem the laprovenent to 11 per- 

emt. Llttlttng t^ regeneretoc tmperaturc in Ae 250<^ F (1644 K) en^ne to 1790^ F 
(1250 E)» tiie value at aaxitam power, retee^ the £im 1 aconon^ 4.6 percent. 

The papor thm preaenta the diah atreaaea est^^ted in thrm aaqple caaea of turbine 
dealgna md compares the« >ith estlaeted mxtean aUoweble atrma curves using a hot pressed 
atlicm nitride as represeatatl^ of a currently amUidsle ceraaie aaterlal, fhe aaxipum 
tmsile principal stress in a single stage radial turblm vas eat^aated as 65 OM) psl 
(448 at the hid>. ^le stress was reduced to 42 OCK) psi (290 Mh/n^) by reducing the 

diaaeter and adding an axial stage. The stress in the axial stage was estiaat^ as 29 5M) 
psi (200 MS/a^). By reducing the design rotational speed, the stress in the radial tutbii^ 
of the two-stage dml 0 :i was reduced to 32 000 psi (221 MN/a^) and 25 000 psi (172 hK/a^) in 
tte axial stage. Coaparison of tiiese stresses with the aaxiBwa allowable stresses estimate 
to provide a coaponent reliability against failure of 99 percent showed that iapro^d cer- 
sadLc aaterials are med^. 


I8T&OI»KmON 

The ERDA and NASA are engaged in a joint program to develop an automotive gas turbine 
engine/vehicle system as an alternative to the spark-lgnltlon engine/vehicle systea. The 
long range goal of this program is an advanced gas turbine engine/vehicle system that will 
achieve a aajor i^rovemnt in efficiency, use ainimai scarce materials, be capable of using 
alternate fuels, have low emissions, and be competitive in cost with a coaparable size 
spark- ignition engine/vehicle system. 

To achieve the major inqprovement in efficiency and thus fuel economy (more miles per 
gallon), the advanced gas turbine for this systea will have to be designed for much higher 
turbine inlet temperatures than are considered for current or near term automotive gas tur- 
bine engines, which are around 1900° F (1311 K) . Teaperatures as high as 2500° F (1644 K) 
are being considered. 

Ceramics are proposed for use at these teu^eratures to eliminate or at least minimize 
the need for coolln,^ and hence the performance loss that usually accompanies cooling. 
Minimizing the need for cooling also will allow a simpler engine design which very likely 
will make it cheaper to produce. In addition the tise of ceramics will conserve scarce ma- 
terials, reduce inertia of rotating components, and reduce overall engine weight. 

In a preliminary analysis (1) at the Lewis Research Center of the fuel econon^ improve- 
ment that can be achieved with a high temperature advanced automotive gas turbine engine, 
two problem areas were identified: high turbine tip speeds and high regenerator inlet tem- 

peratures. The particular engine analyzed was a fixed geometry single shaft regenerative 
design with a single stage radial compressor and a single stage radial r* .oine. The engine 
size was 100 hp (74.6 kW) for application to a 3500 lb (1588 kg) auto. The fuel economy 
was analyzed by coupling the engine to the auto through a continuously variable speed-ratio 
transmission and operating the system over the Con^oslte Driving Cycle. The fuel was gaso- 
line and the analysis was for a 85° F (29° C) day. The analysis was performed first without 
any limitations on the turbine tip speed or regenerator tenq>eracure, then with limitations 
to determine their effect on the fuel economy. The problem associated with high turbine 
tip speeds is high stresses in the turbine disk. The problem assicated with high regener- 
ator inlet teoq>erature is the general integrity and durability of the regenerator, its 
drive system and seals. 

To get an idea of the magnitude of the turbine stress problem, the stresses were esti- 
mated in three cases of turbine designs: a single stage radial, and two two-stage turbines 

using a radial and axial combination with lower tip speeds. 
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The purpose of this paper is 

(1) to present some of the results that show the fuel econosQr potential of the design 
considered and the effect of the turbine and regenerator limitations t 

(2) to present the estimates of the turbine disk stresses, and 

(3) to show a comparison of these stresses with the maximum allowable stresses esti- 
mated for a current ceramic material. 

The objective Is to emphasize the need for hl^er strength, hl^er quality ceramic 
materials than are currently available. 


FUEL ECON(»f? K)TENT1AL 

The single shaft gas turbine that was analyzed In reference 1 for fuel economy potential 
is shown schematically In figure 1. It consisted of a fixed geometry single-stage radial 
compressor, a conventional combustor, a fixed geoiMtry single-stage radial turbine and a 
regenerator. All parts in the hot section of the engine were assurod to be ceramic and to 
need no cooling. The engine was sized for a maxlimin net power output to the transmission 
of 100 hp (74.6 kW). 

For analysis over a driving cycle, the engine was coupled to a continuously variable 
speed-ratio transmission (CVT) through a speed-reduction gear box and applied to a compact 
car. The CVT was a hydromechanical type. The weight (loaded) of the car was 3500 lb 
(1588 kg). The analysis was first conducted at constant turbine inlet temperature without 
turbine tip speed or regenerator temperature limitations. Then the design was examined 
for the effect of imposing such limitations. 

A complete discussion of the assumptions and methods of analysis can be found in ref- 
erence 1. 


Without Limitations on Turbine or Regenerator 

The fuel econon^ potential of the engine/vehicle system without limitations on the 
turbine or regenerator is shown In figure 2. The fuel economy in miles per gallon (mpg) 
and kilometers per liter (km/1) is shown as a function of constant turbine inlet temperature. 

The engine/vehicle system was evaluated over the Composite Driving Cycle. This cycle 
is a combination of city and highway driving such that the average vehicle speed is 33 mph 
(53 km/hr) . The results are based on an 85° F (29° C) day at sea level using gasoline as 
the fuel. The regenerator effectiveness was assumed to be 0.90. 

Figure 2 shows the significance of increasing the turbine inlet temperature to obtain 
improvement in fuel economy. The pressure ratios for best economy at three temperature 
levels are noted on the figure. For example, at 2500° F (1644 K), the best pressure ratio 
is 5. With these design conditions, the fuel economy potential is 26.2 mpg (11.1 km/1). 

With a 1900° F (1311 K) turbine inlet temperature and a compreso-rr pressure ratio of 4.4, 
the fuel economy potential is 22.3 mpg (9.5 km/1). Thus raising the turbine Inlet temper- 
ature from 1900° F (1311 K) to 2500° F (1644 K) improved the fuel economy by 18 percent. 

With a temperature of 2200° F (1478 K) and a pressure ratic of 4.5, the Improvement would 
be 10 percent, to 24.5 nqig (10.4 km/1). 

If, for comparison, 19.5 mpg (8.3 km/1) is taken as an average mileage figure for 
1976 models of comparable weight from EPA listings, the 26.2 mpg (11.1 km/1) figure for the 
2500° F (1644 K) engine is a 34 percent improvement. At the same time, it should be noted 
here that the advanced gas turbine that was analyzed was with fixed geometry and with a 
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ngmcrator effectlvenass of 0.90. With variable ge<»eery to ti^rova perfotaance at part 
pmmrt the fuel e<»«Mi 7 figure could be lig>roved« but at the eiqieisae of complexity. If a 
hliMir rei^nerater effectivemeaa could be aeauaedt the fuel economy certainly m>uld be Im- 
proved. but at the aaeriflce in else and weight • 

Seme pertinent deaign detalla of the 2500° F (1644 K) engine are ahWim In Table 1. 
Particularly lafortttit to note is the high turbine tip speed of 2530 ft/sec (770 m/a). Al- 
thou^ not shenm in Table 1> operation at a constant 2500*^ F (1644 K) also resulted In high 
reg«ierator operating tasperaturea. For exat^let at Idle conditions It was 2200<> F 
(1478 K). 


Effect of Limiting Turbine Tip Speed 

Hi^ tip speeds imply high rotor disk stresses, so it is important to lock at the 
effects of limiting the tip speeds. The effect on fuel economy Is shown in figure 3 where 
the fuel econoi^ with various turbine inlet ten^eratwes is plotted as a function of tur- 
bine tip speed. The tip speed was reduced by reducing the diameter of the turbine ^ile 
smlntalnlng the rotational speed. Because the loading on the turbine Is Increased as the 
turbine tip speed is decreased, the efficiency of the turbine and the engine decreases and 
consequ«itly the fuel economy decreases as shown. Imposing a limit of 1600 ft/sec (488 m/s) 
on bo^ the 2500° F (1644 K) and 1900^ F (1311 K) engines, for exaaq>le, reduces the fuel 
economy isqtrovement of the 2500° F (1644 K) engine to 11 percent over that of the 1900° F 
engine (1311 K). 

Turbine-tip speed, and hence turbine stress, can also be reduced without sacrificing 
performance by adding another turbine stage and reducing the loading on the turbine. Re- 
ducing the loading allows reducing the diameter of the tu.blne and consequently the tip 
speed. Another way of reducing tip speed is to lower the rotational speed of the turbine. 
This approach, most likely, will adversely effect the performance of both the coiqpressor 
and turbine and thereby compound the effect on the performance of the engine resulting in 
substantially poorer fuel economy. 

The actual effect on engine performance and fuel economy of going to two turbine stages 
and of lower rotational speed were not analyzed in reference 1. However, the effe .s of 
these approaches on disk stresses were considered for this paper and are presented under 
"TURBINE STRESS ESTIMATES." 


Effect of Limiting Regenerator Inlet Temperature 

The fuel economy of the engine /vehicle system over the driving cycle was so far, pre- 
sented for operation with constant turbine inlet teiiq>erature and with no limitations lir- 
posed on the regenerator inlet temperature. Material considerations, however, may reqc’.re 
limits on this temperature. The results if such limitations are imposed are shown in fig- 
ure 4 for the case of turbine inlet tesq>erature of 2500° F (1644 K) . With the turbine inlet 
temperature held constant at this temperature, the ten^erature out of the turbine and into 
the regenerator varies from 1790® F (1250 K) at full power to 2200° F (1480 K) at idle. 

If the temperature is limited to that at idle, which in essence is no limitation, the maxi- 
mum econony is realized, that is, 26.2 mpg (11.1 km/1). If the temperature is limited to 
500° F (278 K) below that of the turbine Inlet temperature, that Is, 2000° F (1367 K) , the 
fuel economy is reduced to 26 mpg (11.1 km/1) or a negligible amount. But, if the tempera- 
ture is limited to that at full power, that is 1790° F (1250 K), so that the turbine Inlet 
temperature must be reduced over the entire power range, the fuel economy is reduced 4.6 per- 
cent to 25 mpg (10.6 km/1). So to realize the full fuel economy potential of the engine 
with 2500° F (1644 K) turbine inlet temperature, it is important that the regenerator ma- 
terial have capabilities of withstanding temperatures from 1800° F (1256 K) to 2000° F 
(1367 K) , and possibly to 2200° F (1478 K) . 
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TlJRBIia STRESS ESTIMATES 


Three turbine deelffas were Investigated for estinates of the level of stresses that 
would be encountered In these snail hl|^ spaed gas ttu^b^es. ^e three cases with some 
pertinent design details ere listed in Table lit Case A Is a single stage radial (IR) de- 
sign with high tip speed. Case B Is a two-stage tttfblM with one radial (IR) stage and 
ena axial (lA) stage designed for the sane rotational speed as in Case A. The reduction 
in loading t^ch results from adding a stage and dividing the work persdts a reduction In 
the tip spaed without a sacrifice In performsnce. The lower tip speed ls» of course» re- 
flected In a sstaller dlaowter turbine. Adding a stage* es the table shows* has significant- 
ly reduced the tip speed. 

Case C Is the same arrangement as Case B but with the tip speed further reduced by 
reducing the rotational speed. Here* however* there will be a sacrifice in efficiencies 
of both the con^ressor and turbine. 

Typical profiles of the turbine disks in these cases of turbine designs Is shown in 
figures 5 and 6 which are for Case B. Figure 5 is the radial turbine and figure 6 is the 
axial turbine. Only the stresses in the disks were estimated in this study. The disk 
shapes were arrived at by starting with a 20 000 pel (138 MN/m^} constant stress disk and 
8iq>erlmposlng the load of the blades on it. A phantom outline of the blades is shown In 
flgiures 5 and 6. An axlsyiimmtrical finite element cos^uter program was used In calculating 
the stresses. The program confutes the stresses in the radial* tangential* and axial di- 
rections and the shear stresses in the radial-axial plane. These stresses are then com- 
bined by the distortion energy theory into equivalent stresses. Profiles of these stresses 
are sho«ti in figures 5 and 6 with the maximum and minimum values noted and located. The 
mii'yiimm v~I:jas are listed for each turbine stage In Table XI. The stresses in each direc- 
tion and the shear stress were also used to compute the maxlnum positive (tensile) principal 
stress in each element. This stress is also listed for each turbine stage In Table II. 

A temperature profile was assumed through each dlc.c to account for stresses due to 
thermal gradients un a steady state basis. For example* the temperature profile on the 
forward face of the radial turbine in figure 5 was assumed to vary linearly from 2500*^ F 
(1644 K) at the tip to 1500® F (1089 K) at the hub. On the forward face of the axial tur- 
bine In figure 6* the temperature profile was assumed to vary linearly from 1840® F (1278 K) 
at the rim tc 1400° F (1033 K) at the hub. The physical properties of the material used 
in the stress snalysls are listed in Table III. They are for NC-132 hot pressed silicon 
nitride (2). 

The results of the stress analysis* as expected* show a very high stress for the single 
stage radial turbine with the high tip speed. Adding an axial stage and reducing the tip 
speed by either reducing the diameter or the speed* reduces the stresses substantially. To 
judge the severity of the levels. It is necessary to look at the strength characteristics 
of the material. 


CERAMIC DESIGN STRESS ESTIMATES 

Estimates of design stress curves for NC-132 hot pressed silicon nitride are shown in 
figure 7. The figure shows a plot of the average 4 point Modulus of Rupture (MOR) stresses 
for the material versus temperature* based on data from reference 2. The Welbull Modulus* 
m* a measure of scatter in the MOR- test data was estimated to be about 10. The mean stresses 
of the material decrease gradually with temperature until 1500® F (1089 K) at which point 
they drop off rapidly. Two estimated design stress curves* arrived at by the approach in 
reference 3* are Included on the figure. Also plotted are the maximum positive principal 
and equivalent stresses from "TURBINE STRESS ESTIMATES." 

The lower design stress curve in figure 7 is considered a rough estimate of the allow- 
able stresses which will result in a component in-service reliability against failure of 
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i. 




99 p«re«it» based on NOR data for a isatarial with a Walbull Hodulus of 10 and an effective 
voltma ratio of 400. The upper design stress curve Is for a Walbull Modulus of 20. It Is 
included to show roughly how the allowable stress can be Increased by liq>rovlng the quality 
of the eeraale. The lower curve shows an alnost linear variation In the allowable stress 
fros about 47 000 psl (324 MN/m^) at room taiqierature to 43 000 psl (296 at 1500° F 

(1089 K) and 16 000 psl (110 IW/wr) at 2500° F (1644 K). By laprovlng the Welbull Modulus 
to 20t the allowable stress at room teoperature can be raised to 58 000 psl (400 MM/m^), at 
1500° F (1089 K) to 54 000 psl (372 MM/n^), and at 2500° F (1644 K) to 20 000 psl 
(138 m/rnh . 

Coaparing the maximum principal stresses estimated In the three cases of turbine de- 
signs, Table II, with these curves, assuming the tenqierature at the point of maximum stress 
is around 1500° F (1089 K), it Is clearly seen that the stress In the single stage radial 
is antch too high. A material with higher strength, or an m greater than 20 would be needed 
to bring the stress within that allowable. The stresses In the radial turbines In Cases B 
and C fall within the lower curve but If the temperature is higher than assumed the stresses 
would be marginal and a material ^ 1th a higher Welbull modulus would be needed. The stresses 
for the axial turbines appear to be well within the curve unless the tesperature Is signif- 
icantly hl^er than assumed. 

Cosparlng the maximum equivalent stresses plotted In figure 7 as solid symbols at an 
assumed temperature of 1550° F, with these curves, now shows more definitely that the radial 
turbine In Case B would need a better material. The radial turbine In Case C Is just below 
the lower curve and would be considered marginal. The axial turbines still fall within the 
lower cxirve. But these are first estimates. Before n»re confident judgements can be made, 
aiore detailed stress analysis would have to be made. Also, time dependent failure modes 
and such factors as oxidation, erosion. Impact, cyclic loading, creep and methods of attach- 
ment would have to be considered. 

The evidence here does show, however, that to realize such engine designs as considered 
here, ..artlcularly the simple desi^ td.th a single stage turbine. It Is necessary to raise 
the allowable stress curve. The iK>st effective way Is to increase the Welbull Modulus of 
the material. This means improving the quality of the material by reducing the maximum 
flaw size and assuring a uniform flaw distribution. A Welbull Modulus greater than 20 Is 
needed. 


CONCLUDING REMARKS 

This paper has Illustrated the fuel economy Inprovement that can be achieved with a 
high teaperature adv«iced automotive gas turbine. The particular engine used for illustra- 
tion was a single shaft, regenerative design with fixed geometry, a single stage radial com- 
pressor, and a single stage radial turbine. It has been shown that the fuel economy in this 
particular design was Improved 18 percent, from 22.3 mpg (9.5 Wl) to 26.2 mpg (11.1 km/1), 
by raising the design turbine Inlet temperature from 1900<’ F (1311 K) to 2500° F (1644 K). 
The ecglne was sized for 100 hp (74.6 kW) and applied to a coopact car of 3500 lb (1588 kg) 
weight through a continuously variable speed-ratio transmission. The engine/vehicle system 
was evaluated over the Composite Driving Cycle at constant turbine Inlet temperature using 
gasoline as the fuel on an 85° F (29° C) day. To get this improven»nt, a turbine tip speed 
as high as 2530 ft/sec (770 m/s) was needed with a single stage turbine. An estimate of 
the stresses in such a turbine showed levels In excess of the allowable stress estimated 
for a current hot pressed silicon nitride ceramic where the allowable stress is limited 
by the scatter In properties. A material with a Welbull Modulus greater than 20 would be 
needed. Two stage turbine designs reduced the stress substantially but could benefit by 
better quality ceramics. Thus, the results here emphasize the need for developing higher 
Welbull Modulus, higher strength ceramics If the potmtlal of advanced gas turbines such 
as were analyzed here are to be realized. 
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TABIE 1. - PERTINEST DESICai DETAILS OF 2500° F QKINE 


1 Co»f «»or 


Pmiure ratio 
Airflow* Ib/aae (kg/aae) 
Spacific apaad. divanaionlaai 
Tip dlaaetar, in (ca) 
Efficiancy* parcant 
Tip apeadi ft/aac (o/a) 

5 

.73 (.33) 
.775 
3.12 (7.92) 
78.6 
1602 (488) 

Turbina 


Spacific Bpaad* dlaanaionleaa 
Tip dianatar, in (ca) 
Efficiancy, parcant 
Tip apeed, ft/aac (a/a) 

.581 

4.93 (12.52) 
.85 

2530 (770) 

Raganarator affactivanaaa 

.90 

Engina apaad* rpa 

117 700 

Horaapowar output, bp (kW) 

100 (74.6) 

SFC Ib/hp-hr (ga/hr-W) 

.360 (.219) 


TABLE II. - TURBINE DESIGNS FOR STRESS ESTIMATES 


Caaa 

A 

B 

c 

Stagaa 

IR 

IR 

lA 

IR 



Spaad, rpa 

122 000 

122 

000 

74 000 1 

Tip, diaaetar, in. (ca) 

4.66 (11.84) 

3.31 (B.41) 

3.31 (8.41) 

4.80 (12.19) 

4.80 (12.19) 

Tip apead, ft/a (a/a) 

2479 (756) 

1763 (537) 

1763 (537) 

1550 (472) 

1550 (472) 

Airflow, Ib/a (kg/a) 

.66 (.30) 

.66 (.30) 

.72 (.33) 1 

Haxiaua aquiv. Btreaa, lb/ln‘ (MN/a^) 

82 000 (565) 

49 OOO (338) 

37 400 (258) 

40 400 (279) 

31 000 (214) 

Hanlaua princ. atreaa, Ib/in^ (MN/a^) 

65 000 (448) 

42 000 (290) 

29 500 (200) 

32 000 (221) 

25 000 (172) 


TABLE III. - PHYSICAL PROPERTIES OF HC-132 HP SILICCW NITRIDE 


Danalty 

Ib/ln^ (g/cc) 


.12 (3.2) 

Modulua of 

Ib/in^ (MN/a^) 

68° F (293 K) 

46x10* (320x10^) 

alaatlcity 

Ib/lr.^ (MH/b2) 

2500° F (1644 K) 

35x10* (240x10^) 

Coaff. of theraal 
axpanaion 

in/in-°F (a/a-K) 

68°-1800° F (293-1273 K) 

1.8x10"* (3.2x10"*) 

Tharaal 

Btu/hr-ft-°F (W/a-R) 

68° F (293 K) 

19 (33) 

conductivity 

Btu/hr-ft-°F (W/a-K) 

2500° F (1644 K) 

9 (16) 

Spacific haat 

Btu/lb-°F (J/ga-K) 

68° F (293 K) 

.16 (.67) 
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Figure 1. - Schematic diagram of er^ine/transmission rrangement 



I L_ J 1 1 I I 1 I 

1300 1400 1500 1600 1700 

TURBINE INLET TEMP. K 


Figure 2. - Variation in fuel economy with turbine Inlet temperature. 
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Figure 5. - Enulvalent stress contours In radial turbine, 
case B (table III. 


Figure 4. * Effect dl regenerator ten^rature limit on fuel econmny. 
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Figure 6. - Equivalent stress contours in axial turbine 
case B (tM>le II). 
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Fi^re 1 . - Estimated design stress (urves. 
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